Sir2 is a conserved deacetylase that modulates life span in yeast, worms, and flies and stress response in mammals. In yeast, Sir2 is required for maintaining replicative life span, and increasing Sir2 dosage can delay replicative aging. We address the role of Sir2 in regulating chronological life span in yeast. Lack of Sir2 along with calorie restriction and/or mutations in the yeast AKT homolog, Sch9, or Ras pathways causes a dramatic chronological life-span extension. Inactivation of Sir2 causes uptake and catabolism of ethanol and upregulation of many stress-resistance and sporulation genes. These changes while sufficient to extend chronological life span in wild-type yeast require severe calorie restriction or additional mutations to extend life span of sir2D mutants. Our results demonstrate that effects of SIR2 on chronological life span are opposite to replicatve life span and suggest that the relevant activities of Sir2-like deacetylases may also be complex in higher eukaryotes.
Introduction
Recent findings suggest that the molecular pathways that regulate longevity may have been partially conserved throughout evolution (Kenyon, 2001; Longo and Finch, 2003) . In organisms ranging from yeast to mammals, longevity is extended by inactivation of either nutrient-or insulin/insulin growth factor 1 (IGF-I)-like signaling pathways and the consequent activation of stress-resistance transcription factors (Msn2/4 and the FOXO transcription factors) (Longo and Finch, 2003) . In the unicellular Saccharomyces cerevisiae, the inactivation of Ras2, Cyr1 or Sch9, homologs of the mammalian G protein Ras, adenylate cyclase, and the serine/threonine protein-kinase Akt, respectively, increases stress resistance and extends the chronological life span of nondividing populations up to 3-fold (Fabrizio et al., 2001 .
In yeast, aging is also studied by counting the maximum number of daughter cells produced by individual *Correspondence: vlongo@usc.edu mother cells (replicative life span) (Jazwinski, 2004; Mortimer, 1959) . A key regulator of the replicative life span is the silent information regulator protein Sir2. An extra copy of Sir2 extends yeast replicative longevity by 40% by reducing both rDNA recombination and the accumulation of extrachromosomal DNA circles (ERCs) (Kaeberlein et al., 1999) . Conversely, the deletion of SIR2 dramatically decreases replicative life span (Kaeberlein et al., 1999) . Sir2 is a highly conserved NAD-dependent histone-deacetylase that plays a crucial role in the formation of silent chromatin and is involved in several other cellular functions including the maintenance of genome stability via the repair of double-stranded DNA breaks by nonhomologous end-joining (NHEJ) (Gua- Here, we study S. cerevisiae to investigate further the role of Sir2 in stress resistance and chronological lifespan regulation.
Results

Sir2 Blocks Extreme Chronological Life-Span Extension in Long-Lived sch9D and cyr1 Mutants
To study the effect of Sir2 on the chronological life span, we studied cells lacking the SIR2 gene (sir2D) in the BY4741 genetic background. In agreement with the role of Sir2 in the reduction of the replicative life span, sir2D mutations caused a minor reduction in the chronological life span in the BY4741 background ( Figure  1A ). However, no significant difference in chronological life span was observed between control and sir2D mutants in the DBY746 or W303 genetic backgrounds (Figures 1B-1D) . Notably, the high number of experiments performed (>15) in the DBY746 background revealed that in some experiments the sir2D mutation could extend life span ( Figure 1D ).
To investigate further the role of Sir2 on chronological life span, we deleted SIR2 in two long-lived mutant strains that we had previously identified (Fabrizio et al., Our results show that the deletion of SIR2 extends further the chronological life span of long-lived mutants (p < 0.001 for sir2D sch9D versus sch9D) ( Figure 1B) . The mean chronological life span of sch9Dsir2D was five times longer and that of cyr1::mTnsir2D three times longer compared to those of wild-type cells ( Figures 1B  and 1E ). The synergistic effect of the deletion of SCH9 and SIR2 in the regulation of the chronological life span was confirmed using two additional genetic backgrounds commonly used in replicative life span studies (W303 and BY4741) (Aguilaniu et al., 2003; Kaeberlein et al., 1999) , although the effect of the sir2D mutation in these genetic backgrounds was smaller ( Figures 1C  and 1F ). Taken together, these results suggest that Sir2 serves as a "blocker" of extreme longevity extension in cells with low Sch9 or Ras/Cyr/PKA activity. Notably, the conditions under which chronological life span is studied model those encountered by S. cerevisiae in the wild (Fabrizio et al., 2004a) , indicating that the inhibition of extreme longevity phases may represent an important function for Sir2.
Given that lack of Sir2 causes sterility due to the expression of both silent mating-type loci, we deleted the HMRa locus in our sir2 double and single mutants (mating type α). This deletion restored fertility but caused no significant difference in mean chronological life span compared to the corresponding nonsterile strains (sch9Dsir2DhmraD versus sch9Dsir2D, no significant difference; sch9Dsir2DhmrD versus sch9D, p < 0.05) ( Figure 1G and data not shown). Although the chronological life span of sch9Dsir2DhmraD is not significantly different than that of sch9Dsir2D mutants, the deletion of HMRa shortened the survival of sch9Dsir2D mutants in several experiments as apparent from the average survival shown in Figure 1G . This decrease of life span may be caused by the effect of the single hmraD mutation on the expression of many genes (data not shown).
To determine whether SIR2 overexpression, shown to extend replicative life span, could also play the oppo-site role in the regulation of chronological life span, we overexpressed SIR2 in both wild-type and sch9D mutants. SIR2 low-copy overexpression reduced the chronological life-span extension caused by the sch9D mutation but did not affect the life span of wild-type cells ( Figure 1H and data not shown) . Considering the role of stress resistance in the extension of chronological life span in sch9D mutants (Fabrizio et al., 2001) , it is possible that increased dosage of Sir2 may abolish the effect of sch9D on chronological life span by reducing the expression of stress-resistance genes (Table 1) . Figure  3C and data not shown).
Sir2 Blocks Extreme Chronological Longevity Extension by CR
Sir2 was reported to be implicated in the repair of DNA double-strand breaks by NHEJ, which is particularly efficient in the G1 phase of the cell cycle and in G0-arrested cells (Karathanasis and Wilson, 2002) . Since chronologically aging cells are cell cycle arrested, lack of Sir2 might be associated with higher sensitivity to DNA damage. To test this hypothesis, we measured the age-dependent frequency of mutations in sir2D strains. Our results show an age-dependent mutation-frequency increase in the wild-type (DBY746) ( Figure 3D ). The mutation frequency of the sir2D mutants was 2-4 times higher than that of wild-type cells at days 1-3 but did not show any age-dependent increase between days 1 and 7 ( Figure 3D) (Table 1) . Consistent with our hypothesis that Sir2 may regulate a set of genes that block entry into a spore-like state, the deletion of SIR2 appears to cause upregulation of many more sporulation and DNA repair-related genes compared to those downregulated (Table 1) . Surprisingly, in the stressresistance category, a larger number of genes appear to be downregulated compared to those upregulated. However, many genes listed in the "downregulated" sir2D stress-resistance group are implicated in the negative regulation of stress resistance and/or chronological life span. Thus, a lower expression of these genes is expected to increase stress resistance and life span. For example, the downregulation of HSP82 (Table  1 , stress resistance) reduces Hsp90 activity, which has been shown to negatively regulate stress resistance Figure 3 ) and the role of the genes listed above, it is likely that the downregulation of many of the stress-resistance-associated genes in sir2D mutants protects, rather than sensitizes, cells against age-dependent damage. To determine whether the differential gene expression observed in the sir2D mutants was caused by sterility, we compared the gene-expression profiles of 3-day-old sir2DhmraD and sir2D mutants and found a very similar differential gene-expression pattern compared to wild-type cells (Table 1 and Supplemental  Data) . Thus, we show that the deletion of SIR2 causes changes in gene expression, which may be relevant to chronological life-span regulation, and which are independent of loss of fertility. To complete the geneexpression analysis of yeast lacking Sir2, we compared the gene-expression profiles of exponentially growing wild-type yeast and sir2D mutants and found that the majority of the genes that are differentially expressed in the sir2D mutants at day 3 are expressed at levels comparable to those of wild-type cells during exponential growth (Table 1 and Supplemental Data). These results suggest that studies of the effect of mutations on chronological and replicative survival can yield very different results in part because mutations may have very different effects in growing and nondividing cells.
To further explore the role of Sir2 in stress resistance and DNA damage, we monitored heat-shock (55°C, 1.5-2 hr) and oxidative stress resistance (200 M menadione, 1 hr) of sch9Dsir2D and cyr1::mTnsir2D double mutants. The deletion of SIR2 increased further the resistance of sch9D mutants to heat shock and menadione ( Figure 3E , top panels), but it did not further improve stress resistance of the already highly resistant cyr1 mutants ( Figure 3E , bottom panels), suggesting that "extreme life-span extension" does not necessarily require an additional increase in stress resistance. Consistent with the results obtained with the sir2D single mutant, the deletion of the HMRa locus did not affect the stress resistance of sch9Dsir2D and cyr1::mTnsir2D mutants ( Figure 3E ).
In the long-lived sch9D mutants, the frequency of can R mutations was significantly lower than that of wildtype but increased at day 13 and continued increasing until day 17 ( Figure 3F ). By contrast, in the sch9Dsir2D mutants, it remained low until day 17 ( Figure 3F) . This effect appears to be HMRa independent since it was not abolished by its deletion ( Figure 3F) . Thus, Sir2 appears to play an important role in protecting against genomic instability during the growth phase ( Figure 3D ) but contributes to chronological age-dependent DNA mutations in S. cerevisiae (Figures 3D and 3F ). These results are also consistent with a role for Sir2 in blocking entry into an extreme longevity phase characterized by increased stress resistance and improved DNA protection and/or repair. The reduced genomic instability caused by the deletion of SIR2 is likely to play a role in extending further the chronological life span of both CR yeast and sch9D mutants.
Sir2 Blocks the Depletion of Extracellular Ethanol in Part by Inactivating Adh2
Our recent study suggests that yeast chronological aging can be programmed and altruistic (Fabrizio et al., 2004a) . This aging and death program, which requires the acidification of the extracellular medium, can be postponed or prevented by severe CR (incubation in water) (Fabrizio et al., 2004a) (Figures 2A and 2B) . In an attempt to understand further the mechanisms of CR's effects on life span, we measured the chronological age-dependent ethanol concentration in the expired media of wild-type (DBY746), sir2D, cyr1::mTn, and sch9D mutants. Interestingly, while the ethanol content remained high in wild-type cultures until the majority of cells had died (days 9-11), it was depleted from the sir2D cultures by day 3 and from the sch9/cyr1 cultures by days 5-7 ( Figures 4A and 4B and data not shown) . The effect of sir2D was partially dependent on the glucose-repressible alcohol dehydrogenase isoenzyme 2 (Adh2) as indicated by the higher levels of ethanol at days 3 and 5 in sir2Dadh2D double mutants ( Figure 4A) .
We performed additional studies on the role of Sir2 and Adh2 in the depletion of extracellular ethanol. Adh2 is normally activated when yeast start breaking down ethanol and switch from fermentative to respiratory metabolism. Since ADH2 expression can be activated by the deletion of the genes encoding for deacetylases Hda1 and Rpd3, whose activities reduce the acetylation of the chromatin at the promoter region of the ADH2 gene (Verdone et al., 2002) , we hypothesized that Sir2 might also regulate the acetylation state of the ADH2 promoter and consequently the expression level of ADH2 during chronological aging. To test this hypothesis we performed both RT-PCR to study the expression level of ADH2 and chromatin immunoprecipitation (ChIP) to monitor the acetylation state of the ADH2 promoter. Our results do not indicate an increase in the ADH2 gene expression level in sir2D mutants at days 1-2 (data not shown). Consistently, our ChIP studies did not reveal any difference in the acetylation state of histones H3 and H4 at the ADH2 promoter between wild-type and sir2D cells at days 1-2 (data not shown). Taken together, these results indicate that Sir2 histone deacetylase activity does not regulate ADH2 gene expression.
We also monitored the alcohol dehydrogenase activity of the sir2D and wild-type strains. We observed Adh2 activity starting from days 1-2 in the sir2D mutants but not in wild-type cells (lower band, Figure 4C ). The deletion of ADH2 in the sir2D mutants caused the disappearance of the lower band in the activity gels, confirming that the band corresponds to Adh2 ( Figure  4C ). The deletion of HMRa in the sir2D mutants did not abolish the induction of Adh2 activity, suggesting that sterility is not responsible for Adh2 activation ( Figure  4D ). Consistent with the results above, hmraD mutations did not abolish the effect of sir2D on the depletion of ethanol in the medium obtained from day 3 cultures (data not shown).
To test whether Sir2 controls the enzymatic activity of Adh2 by regulating the protein level of Adh2, we detected the presence of Adh2 by Western blot analysis in wild-type yeast, sir2D, and sir2DhmraD mutants ( Figure  4E) . Our results show a low but similar level of Adh2 protein in the sir2D and sir2DhmraD mutants. By contrast, no band corresponding to Adh2 was observed in the wild-type cells, suggesting that Sir2 affects either the translation or the stability of the Adh2 protein during chronological aging. Consistent with the results relative to the activity of Adh2, the deletion of HMRa does not affect the protein level of Adh2 observed in the sir2D mutants ( Figure 4E ). To establish whether the effect of Sir2 on Adh2 activity was deacetylase dependent, we used strains expressing a deacetylase-defective Sir2 (see above). The increase in Adh2 activity in sir2D mutants was reversed by transformation with wild-type SIR2 but not with mutated alleles of SIR2 coding for the deletion of ADH2 to cause a complete reversal of the effect of sir2D mutations on ethanol catabolism ( Figure 4A ). To test whether the removal of ethanol from the incubation medium was required to induce the stress resistance observed in the sir2D mutants, we monitored both oxidative and heat resistance of the sir2Dadh2D mutants, which deplete ethanol at a lower rate compared to the sir2D mutants ( Figure 4H ). Our results showed no reversion of the stress-resistance phenotype in the sir2Dadh2D mutants, suggesting that the two effects caused by deleting the SIR2 gene, namely the activation of Adh2 and the increased stress resistance, are independent of each other.
Uptake of Extracellular Ethanol Mediates Chronological Life-Span Extension
To understand the role of ethanol on yeast aging and death, we monitored the chronological life span of a DBY746 culture in a medium obtained from a different day 1 DBY746 culture in which ethanol was removed by evaporation. Incubation in ethanol-free medium caused an approximately 2-fold increase of mean chronological life span compared to incubation in regular medium, suggesting that uptake of this nonfermentable carbon source plays a central role in life-span extension by CR ( Figure 5A ). By contrast, the removal of ethanol at days 3 and 5 caused chronological life-span extension only in a minor portion of the population (Figure 5B and data not shown) , indicating that the ethanol depletion dependent changes must occur early to cause a significant mean life-span extension.
To test whether ethanol could reverse the effect of CR on chronological life span, we monitored the survival of wild-type strains incubated in water containing an amount of ethanol comparable to that found in wild-type cultures grown in glucose medium at day 1 (w8 g/l). Our results show that whereas the addition of ethanol is sufficient to reverse the effects of CR, the acidification is not (Figures 5C and 5D ). In fact, ethanol reversed the effect of CR in two genetic backgrounds (DBY746 and BY4741) (Figures 5C and 5D ). In summary, our results indicate that ethanol triggers the yeast aging and death program. In fact, the depletion of extracellular ethanol also occurs in long-lived sch9D and cyr1::mTn mutants, albeit at a later stage. In yeast and mammals, glucose/IGF-I signaling downregulates stress-resistance genes, inhibits the accumulation of glycogen/fat, and promotes aging and death. CR or mutations that decrease the activity of the glucose/ IGF-I signaling pathways promote longevity extension. In yeast, Sir2 activity downregulates several stress-resistance, sporulation, and DNA-repair genes whose activity may be fundamental to promote a "hybernation-like" phase and extreme longevity extension. Moreover, Sir2 inhibits the activity of alcohol dehydrogenase 2 (Adh2), a key enzyme for ethanol catabolism, and causes the accumulation of ethanol in the incubation medium, which contributes to reducing survival. In mammalian cells, Sirt1 reduces fat accumulation while promoting the increase of blood glucose levels and may reduce IGF-I signaling via the downregulation of IGFBP-1. combination with CR and mutations in glucose signaling pathways, causes one of longest chronological lifespan extensions reported for any organism. This effect was confirmed in different genetic backgrounds.
Discussion
We show that cells lacking the Sir2 deacetylase activate the Adh2 enzyme between days 1 and 2 and deplete extracellular ethanol by day three (Figure 4) . In a previous study, we showed that aging yeast undergo an altruistic aging program triggered by an unidentified "molecule or factor" in the medium. Our present results suggest that ethanol is a central mediator of the aging and death program. In fact, we show that the addition of ethanol causes a dramatic reduction of life span in two different genetic backgrounds (DBY746 and BY4741) that were severely calorie restricted ( Figure 5) . Notably, the age-dependent level of ethanol was measured only in sir2 and long-lived mutants in the DBY746 background. Thus, it will be important to determine whether this mechanism may contribute to aging in different yeast genetic backgrounds as we have demonstrated for the effect of Sir2 and Sch9 on life span (Figures 1 and 2) . Considering that ethanol is the major extracellular carbon source utilized by postdiuaxic S. cerevisiae, it is possible that ethanol uptake may represent a form of self-induced CR aimed at preparing for severe starvation phases and possibly at preventing the uptake of nutrients by competing organisms. Thus, if the effect of Sir2-like deacetylases in blocking lifespan extension under severe CR is conserved in higher eukaryotes, we speculate that it may not involve the regulation of mammalian ADH2 homologs but may instead involve the regulation of enzymes that regulate glucose or fat metabolism (Figure 6) .
The age-dependent depletion of extracellular ethanol, which occurs at days 2-3 in sir2D mutants and at days 5-7 in mutants with inactive Sch9 or Ras2/Cyr1/ PKA pathways, is not sufficient to explain the effect of sir2D mutations on chronological life span. In fact, the removal of ethanol from the medium at day 1 does not extend chronological life span to the level caused by mutations in SCH9 or CR. We propose that the removal of ethanol must be accompanied by the induction of many stress-resistance, DNA-repair, and sporulation genes to cause the up to 6-fold chronological lifespan extension that we observed in calorie-restricted sch9Dsir2D double mutants. Consistent with this hypothesis, we have previously shown that stress-resistance proteins Msn2/Msn4, Rim15, and Sod2 play essential roles in chronological life-span extension ( (Table 1) . Since the effect of Sir2 on stress resistance appears to be independent of Adh2 activity and ethanol uptake, we conclude that Sir2 may function as a general blocker of many changes required to enter very long-lived phases under starvation conditions.
Increased dosage of Sir2 was shown to extend the yeast replicative life span (Kaeberlein et al., 1999) . Sir2 was also shown to mediate the effect of CR on the extension of replicative life span (Lin et al., 2000) , although it was later shown that CR could extend replicative life span independently of Sir2 (Kaeberlein et al., 2004) . We attribute the discrepancy between the role of Sir2 in extending the yeast replicative and chronological life span to the differential Sir2 deacetylase-dependent regulation of stress-resistance genes and Adh2 activity in the growth and survival phases. In fact, stress resistance and Adh2 activity in sir2D mutants are elevated beginning at day 1 but are comparable to those of wild-type cells earlier during the growth phase ( Figures 3A and 4C) . Similarly the lack of SIR2 increases spontaneous DNA mutation rate during the growth phase but does not affect age-dependent mutation frequency, suggesting that the sir2D mutation may have deleterious effects during the growth phase but may upregulate systems that under certain conditions can cause a major survival extension ( Figure 3F ; Table 1 ). Thus, assuming that similar mechanisms regulated rep-licative and chronological life span in S. cerevisiae, sir2D mutations would not be expected to extend replicative life span since growing sir2D mutants have increased genomic instability and wild-type-like levels of stress resistance and Adh2 activity. Furthermore, increased resistance to damage does not appear to delay replicative aging since deletion of stress-resistance factors Msn2/Msn4 does not reverse the replicative lifespan extension caused by mutations that mimic CR (Fabrizio et al., 2004b; Lin et al., 2000) .
Although 
Experimental Procedures Yeast Strains and Growth Conditions
The majority of the experiments were performed in DBY746 (MATa, leu2-3, 112, his3D1, trp1-289, ura3-52, GAL + ). Strains BY4741 (MATa, his3D1, leu2D0, met15D0, ura3D0) and W303AR (MATa,  leu2-3, 112, trp1-1, ura3-52, his3-11) were used to confirm the results obtained with DBY746. SIR2 gene disruption was produced by one-step gene replacement using plasmid pJH103.1 (provided by D. Moadez, Harvard University). The sch9D and cyr1::mTn mutants have been described previously (Fabrizio et al., 2001) . The adh2D and hmraD strains were originated in the DBY746 background by one-step gene replacement according to Brachmann et al. (Brachmann et al., 1998) . Strains expressing Sir2 proteins lacking deacetylase activity were originated transforming the sir2D mutant (DBY746 background) with centromeric plasmids p-sir2-H364Y-LEU2 and p-sir2-G262A-LEU2 carrying mutated forms of SIR2 coding for deacetyalse-deficient enzymes. The control strain was obtained transforming the sir2D mutant with a centomeric plasmid containing wild-type SIR2 (p-SIR2-LEU2). All the centromeric SIR2 plasmids were provided by D. Moazed, Harvard University. Overexpression of SIR2 in the sch9D strain was obtained by transformation with plasmid p-SIR2-LEU2.
Chronological life span of cells incubated in either minimal medium containing glucose (SDC) or water was measured as described previously . Briefly, yeast were grown in SDC containing 2% glucose and supplemented with amino acids, adenine, and uracil as described (Kaiser et al., 1994) as well as a 4-fold excess of the supplements tryptophan, leucine, uracil, and histidine. Chronological life span was monitored in expired SDC medium by measuring colony-forming units (CFUs) every 48 hr. The number of CFUs at day 3 was considered to be the initial survival (100%) and was used to determine the age-dependent mortality. For life-span experiments in water (CR), yeast were grown in SDC for 1-3 days, washed with sterile distilled water, and resuspended in water. Yeast cells were washed with water every 48 hr to avoid the accumulation of nutrients released from dead cells.
Survival in Ethanol-Free Medium
The ethanol accumulated in the media obtained from day 1-3 DBY746 cultures was removed by evaporation in a vacuum centrifuge. These ethanol-free expired media were filter-sterilized and used to resuspend day 1-3 DBY746 yeast from different cultures. Viability of the ethanol-free cultures and their relative controls was measured as described above (survival in SDC). The presence of ethanol was monitored in 200 l aliquots of expired medium as described below (ethanol measurement). Survival in Water Containing Ethanol Experiments were performed as described for the CR survival (see above). Cells were switched from medium to water at day 1, and ethanol was added to the culture at a concentration equal to that found in expired SDC at day 1. The same amount of ethanol was added to the cultures after washing the cells with water every 48 hr. To study the effect of pH on chronological survival, cells were also resuspended in water whose pH had been adjusted to 3.5.
For the Adh activity experiments, repressing growth medium contained 5% glucose (YP5%D) and derepressing growth medium contained 2% ethanol (YPE). Cells were diluted in both media to an initial OD 600 of 0.1 and harvested when they reached OD 600 of 0.8 (repression) and 2 (derepression). Longevity curves were analyzed by either Student's t test (p < 0.01) or Mann-Whitney (p < 0.05) test on the survival rates at each day for each pair of strains.
Stress-Resistance Assays and Mutation-Frequency Measurement
Heat-shock resistance was measured by spotting serial dilutions of cells removed from day 3 postdiauxic phase cultures onto YPD plates and incubating at 55°C (heat-shocked) and at 30°C (control) for 60-120 min. After the heat shock, plates were transferred at 30°C and incubated for 2-3 days.
For oxidative stress-resistance assays, either exponentially growing (OD 600 = 1) or day 3 postdiauxic cells were diluted to an OD 600 of 0.1 in K-phosphate buffer, pH 7.4, and treated with 20-250 M of menadione for 30-60 min. Serial dilutions of untreated and menadione-treated cells were spotted onto YPD plates and incubated at 30°C for 2-3 days. Alternatively, cells were diluted to an OD 600 of 1 in K-phosphate buffer, pH 6, and treated with 100-200 mM of hydrogen peroxide for 30 min.
Spontaneous mutation frequency was evaluated by measuring the frequency of mutations of the CAN1 gene. Briefly, overnight inoculations were diluted in liquid SDC medium and incubated at 30°C. Cells' viability was measured every 2 days starting at day 3 by plating appropriate dilutions onto YPD plates. To identify the canavanine-resistant mutants (can R ) in the liquid culture, an appropriate number of cells was harvested by centrifugation, washed once with sterile water, and plated on selective medium (SD-ARG, 60 mg/l L-canavanine sulfate). Colonies were counted after 3-4 days.
DNA Microarray Analysis
Log phase or day 3 wild-type, sir2D and sir2DhmraD cultures were used to extract total RNA according to the acid phenol method.
Total RNA from independent cultures of each strain was used as a template to synthesize complementary RNA (cRNA). cRNA was hybridized to GeneChip Yeast Genome S98 array (Affymetrix). Three to six arrays were generated, each obtained using RNA from an independent population of wild-type, sir2D, sir2DhmrD. After excluding the arrays lacking high correlation with other arrays for the same mutant in the probe level (less than 0.88), at least two arrays per strain were analyzed. Background correction was performed using the rma method. Invariant set normalization and "pmonly" PM correction (using perfect match probe as signal) were also performed. Differentially expressed genes were identified (Table 1) 
Ethanol Measurement and Alcohol Dehydrogenase Activity
Two hundred microliters of yeast cultures were centrifuged and supernatants frozen at −20°C. Ethanol concentration was analyzed enzymatically using the Boehringer Mannheim kit in media collected from day 1-7 yeast cultures.
For the alcohol dehydrogenase activity assays, native all cell extracts were prepared by vortexing the cells in ADH buffer (30 mM Tris-Cl, pH 7.5, 85 mM KCl, 3 mM magnesium acetate, 25% glycerol, 0.07% 2-mercaptoethanol) with glass beads three times for 3 min. Extracts were then centrifuged and supernatants collected. Protein content was determined in supernatants and 50 g of proteins were loaded on native Tris-Acetate acrylamide gels. Electrophoresis and in situ detection of enzymes by chromogenic staining for Adh activity were performed as previously described (Williamson et al., 1980).
Western Blotting
For detection of Adh2, whole-cell extracts were obtained as described in the previous section and proteins were separated on a native Tris-Acetate acrylamide gel. Proteins were transferred to a PVDF membrane (Millipore) overnight at 4°C and blocked in 3% nonfat dried milk. The resulting membrane was incubated at 4°C overnight in 1:1000 dilution of anti-alcohol dehydrogenase (Polysciences Inc.).
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